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Introduction

In studying complex astrophysical phenomena,
such as supernovae (SNs), investigators do not have
the luxury of setting up well controlled experiments at
some distant location in the universe to test the physics
of their models and theories. A surrogate environment
to serve as an experimental astrophysics testbed would
be highly beneficial. Sophisticated, modern research
lasers have been developed largely as a result of the
world-wide effort in inertial confinement fusion. Such
lasers offer the potential for creating just such an
experimental testbed using well controlled, well diag-
nosed laser-produced plasmas.

On February 23, 1987, at 0735 UT, the blue super-
giant Sanduleak located in the Large Magellanic
Cloud, a dwarf galaxy at a distance of 50 kpc from
earth, exploded as a core-collapse Type II supernova
(SN).! This event was marked by a prodigious out-
burst of neutrinos followed ~3 h later by the ultraviolet
(UV) flash as the shock broke through the surface of
the star. Thus began what will certainly be recorded as
the most significant astrophysical event of the decade.

By February 23, 1997, SN1987A will have been stud-
ied for 10 years, and our understanding has progressed
enormously. One example is the consensus that strong
hydrodynamic mixing of the heavier core elements
outward into the lower-density envelope is needed to
explain a wide range of observables. Figure 1(a), which
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shows the results from a two-dimensional (2-D) simu-
lation of SN1987A at 3.6 h after explosion, is an image
of density to illustrate such mixing.? However, new
mysteries continue to emerge. Despite considerable
effort worldwide, simulations still predict that the mix-
ing front progresses significantly more slowly than is
actually observed.38

SN1987A is now evolving into the early remnant
stage. Figure 1(b) shows an optical image taken in
February 1994 with a wide-field camera on the
Hubble Space Telescope (HST).? The expanding SN
ejecta corresponds to the central bright spot, sur-
rounded by what appears to be an assembly of three
rings. The origin of these ring nebulae remains a mys-
tery.10 There is general agreement, however, that the
SN ejecta is expanding at a much greater velocity
(~10* km/s) than the nebular rings (10-20 km/s),
with the ejecta expected to impact the inner ring in
5 to 10 years.!0-16 We stand poised to witness a colliding
plasma “astrophysics experiment” of a spectacular
nature. Simulations offer enticing glimpses of what
may happen, as shown by the density—pressure plots in
Figures 1(c) and 1(d) (reproduced from Ref. 16). Apart
from cosmic pyrotechnics, this collision may shed light
on the nature of the circumstellar ring nebula.

Both of these phases of SN evolution—the core hydro-
dynamic mixing at intermediate times (10°-10* s), and
colliding plasmas during remnant formation—are areas
rich with possibilities for supporting laboratory experi-
ments. This article describes two such experiments using
the Nova laser!” at LLNL to create the relevant plasma
environment. First, we discuss hydrodynamic instabili-
ties in the context of core-collapse SN (in particular,
SN1987A) and the corresponding laser experiment. Next,
we describe the early stages of SN1987A remnant
formation and the corresponding laser experiment. We
conclude with an outlook for the future.
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FIGURE 1. (a) Result, in terms
of density, from a 2-D simula-
tion of the hydrodynamic mix-
ing in SN1987A (reproduced
from Ref. 2). The initial velocity
perturbation was dv/v = 10%.
(b) Image of SN1987A obtained
by the Hubble Telescope in
February 1994 (reproduced from
Ref. 9). The expanding SN ejecta
is the central dot. The inner, yel-
low ring is a planetary nebula of
uncertain origin. The outer rings
are also part of the nebular
structure. The emissions have
now faded but are expected to
resume in a few years when the
ejecta strike the inner ring.

(c) Simulations of the collision
of SN ejecta with the inner ring
nebula two years after initial
impact (from Ref. 16). The top
half represents density; the bot-
tom half is pressure. (d) Same as
(), except 23 years after initial
impact.  (40-00-1296-2753pb01)
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Hydrodynamics of SN1987A

The first hints that all was not well with a spherically
symmetric, one-dimensional (1-D) model of SN1987A
came from the light curve (total luminosity vs time). A
secondary maximum was observed, but it was consider-
ably earlier (~20 days) and broader than expected.'® Then
came the “Bochum event,” a spectroscopic anomaly start-
ing at day ~25 and suggesting an auxiliary heat source.!
The observation of the core elements %°Ni, 56Co, and
56Fe poking out through the surrounding hydrogen
envelop six months earlier than expected, however,
proved conclusive.!%20 The 1-D models of SNs were
largely abandoned, and modeling in 2D commenced in
earnest. From the Doppler broadening of the infrared
and gamma spectral lines of Fe, Ni, and Co, core veloc-
ities as great as 3000 km /s were inferred 2 Modeling
(done primarily in 2D) predicts significantly lower
peak velocities.?> It would be highly beneficial to be
able to experimentally test the hydrodynamic instabil-
ity modeling of the SN codes.
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Current uncertainties notwithstanding, the follow-
ing picture has emerged for SN1987A. A 1-D stellar
evolution calculation gives the density profile for the
19-M,, mass progenitor,?! shown in Figure 2(a), where M,
represents one solar mass. An inner Fe core, Mr /M o <
1.6, is surrounded by a layer of Si, Ne, O, and C in the
region corresponding to 1.6 < M_/M,, < 2.3, where M,
is the mass out to a radius r. This layer is followed by a
mostly He layer at 2.3 < M /M, <6, endingin a
hydrogen envelope for M, /M, > 6, which extends out
to a radius of Ry =2.2" 102 cm. The SN explosion is
triggered when the Fe core collapses to form a 1.6-M,,
neutron star. When the core reaches the density of
nuclear degenerate matter, the core rebounds, which
launches an exceedingly strong radial shock propagat-
ing outward through the star, corresponding to a
release of 1-2” 10°! ergs of energy, which effectively
blows the star apart. The mass cut—that is, the divi-
sion between what collapses into the neutron star ver-
sus what is ejected—is believed to lie somewhere
within the oxygen layer.

UCRL-LR-105821-97-1
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FIGURE 2. Supernova simula-
tions in 1D of SN1987A show-
ing (a) initial density profile (M,
represents the mass contained
out to a radius of r, and M,, is
one solar mass), (b) the velocity
vs time of the He-H interface,
and (c) density, pressure, and H
mass fraction profiles at 4000s.
(d and e) Results from 2-D sim-
ulations of SN1987A (from Ref.
3) showing isodensity contours
of the RT unstable interfaces,
corresponding to random, mul-
timode seed perturbations in

We start with a progenitor similar to that shown in
Figure 2(a) and calculate the hydrodynamic evolution
using the SN hydrodynamics code PROMETHEUS.3%?
In this work, we focus on instabilities at the He—-H
interface. To economize computing time, we model
only M./M 3 5, depositing the explosion energy, E =
1.5" 10°! ergs, as a mix of thermal and kinetic energy
at the inner boundary (M, /M =5). This launches a
strong radial shock that reachgs the He-H interface
(Mr/ M = 6) after a transit time of about 100 s. At this
point, the initial density, pressure, temperature, and
velocity at the interface are 2.3 g/ cm3, 75 Gbar, 6 keV,
and 6~ 10% cm/s, respectively. Figure 2(b) shows the
velocity of the He-H interface as a function of time,
and Figure 2(c) shows the density and pressure pro-
files at a time of 4000 s. By 4000 s, the shock has trav-
eled about halfway out of the star. Note that at the
He-H interface (R » 1.0~ 1012 cm), the pressure and
density gradients are crossed, that is, Nr-NP < 0, such
that the He layer is being decelerated by the H layer.
This situation is unstable to the Rayleigh-Taylor (RT)
instability,?3 and perturbations at the interface grow in
time.

The evolution of compressible, nonlinear, multi-
mode RT instability is an unsolved theoretical prob-
lem, and detailed numerical simulations are

UCRL-LR-105821-97-1

velocity of dv/v =1 and 5%.
3 (40-00-1296-2754pb01)

required. An example of a typical 2-D SN simulation
is shown in Figures 2(d) and 2(e) by the isodensity
contours corresponding to a time of 3.6 h (Ref. 3).
The two cases shown here differ only in the magni-
tude of the initial multimode velocity perturbation:
dv/v = 1% and 5%. [Note that the calculation shown
in Figure 1(a) is similar, except that the resolution is
higher by a factor of 2, and dv/v = 10%]. Strong
instability growth is evident, with spikes of the
heavier He falling radially outward through the
lower-density H layer. The following observations
are noteworthy. First, the instability has evolved
well into the nonlinear regime for all the calcula-
tions, with characteristic peak-to-valley amplitudes
larger than characteristic wavelengths, hpy 3 |,
and the perturbations taking on the classic RT bub-
ble-and-spike shape. Second, the final result at

3.6 h is still sensitive to the “initial conditions”
because increasing the seed amplitudes increases the
growth. Third, there appears to be a characteristic
dominant mode of mode number [ =2pR /| »20,
although the starting configuration was a random
multimode pattern. Fourth, the peak velocities of the
Ni spikes penetrating into the hydrogen envelope in
these calculations are not appreciably different, with
U pax £ 2000 km/s.
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Experiments of Supernova
Hydrodynamics

Figure 3(a) shows the experimental configuration,
described extensively elsewhere,?4~2° for our laser
experiments. Eight of the ten Nova laser beams at a
duration of 1 ns and total energy of 12 k] are focused
into a 3.0-mm-long, 1.6-mm-diam Au hohlraum
(cylindrical radiation cavity) converting to a ~190-eV
thermal x-ray drive. The experimental package is
planar, with an 85-ym Cu (r =8.9 g/cm3) foil backed
by 500 um of CH, (r = 0.95 g/cm?). A sinusoidal ripple
with wavelength | =200 ym and amplitude h; =20 ym
is imposed at this embedded interface. The package is
mounted across a diagnostic hole in the hohlraum wall so
that the inner (smooth) side of the Cu sees the x-ray
drive. Diagnosis of the interface is through side-on, x-ray
radiography using the remaining two Nova beams
focused onto an Fe backlighter disk to generate a 5-ns
pulse of He-a x rays at 6.7 keV. In this side-on view, the
opaque Cu appears as a shadow, and the CH, is essen-
tially transparent.

We model the laser experiment using a combination
of codes. Figures 3(b) through 3(d) show the results of
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modeling in 1D with HYADES,?” CALE,?8 and
PROMETHEUS.3?2 HYADES is a 1-D Lagrangian code
with multigroup radiation transport and tabular equation
of state (EOS); CALE is a 2-D ALE code with tabular
EOS; and PROMETHEUS is a 2-D Eulerian PPM code
using (here) an ideal-gas EOS. We use a measured radia-
tion temperature, T (t), as the source input to HYADES.
Figure 3(b) shows the velocity of the Cu-CH, interface as
simulated in HYADES. Note the impulsive shock acceler-
ation, followed by a protracted deceleration, similar to
that of the He—H interface in the SN shown in Figure 2(b).
We do a high-resolution HYADES run, including multi-
group radiation transport, for the first 2.45 ns, at which
time the shock approaches the Cu—CH, interface. We
then map the results to either 1-D or 2-D CALE and
PROMETHEUS. (We do not have radiation transport in
the versions of these 2-D codes that we are using.) We
compare the results for pressure and density at 20 ns
from a continuous 1-D HYADES run including radiation
transport versus that from CALE [Figure 3(c)] and
PROMETHEUS [Figure (3d)]. The mapping works very
well for both codes. Note that the pressures for the Nova
experiment, 1-2 Mbar, are not too different from those of
the SN (10-15 Mbar), as shown in Figure 2(c), although
the SN densities are lower by a factor of about 10°.

=

Hr WOES simnbition of Cu-CH, intexface
I I I I

ra
f=)

._.
i
I
l

._.
=
|
|

e Loty l 10 m /')
o
I
I

=]
_I.

FPORETHEDS == Hi ADESat#=20ns

-2
|

Tensity (g om? )
-
|

FEOMETHEDS

;;r--__

,/_,.Pmns'm::_

f

Hy hDES
r"_'_'_'_'_'_
=
1 1

—

0

b/

oL

Fosibom [ pm )

B0

Fremnre (Mlaz)

FIGURE 3. SN hydrodynamics experiment using the Nova laser. (a) Experimental configuration. (b) Velocity versus time of the Cu-CH, inter-
face from a 1-D HYADES simulation. (c) 1-D simulation showing density and pressure profiles at 20 ns using the codes HYADES and CALE.

(d) Same as (c) except using PROMETHEUS instead of CALE.

4

(40-00-1296-2755pb01)

UCRL-LR-105821-97-1



The difference of scales between the SN and the
Nova experiment needs to be addressed. We assume
the mixing is dominated by the RT instability. In the
nonlinear regime, fluid flow can be characterized by a
spatial scale on the order of the perturbation wave-
length | , and velocity on the order of the perturbation
terminal bubble velocity vy (gl )1/2, Here, g corre-
sponds to the acceleration, and we assume a constant
Atwood number. A hydrodynamic time scale is then
givenby t =I /vg 1 (I /g)}/2, and the hydrodynamics
equations are invariant under the scale transformation?
| ®a,l, g®a,g, and t® (a,/a,)!/%t . We illustrate this
transformation, using characteristic scales taken from
the simulations shown in Figures 2 and 3. At 4000 s for
the SN, the deceleration of the He-H interface is gg\ =
~1.5" 10* cm/s?, the density gradient scalelength is
Loy =r/Nr =8 10'° cm, and the dominant perturba-
tion wavelength is approximated to be | g\ » 10Lgy =
8~ 10 cm. For the Nova experiment at 20 ns, INova =
25" 1018 cm/s?, | Nova=2 1072 cm, and the charac-
teristic time interval is t,,, = 5 ns. The scale transfor-
mation is given by a, =1 ¢ /1 nova =4 1013, and a,=
95n/Snova= 6 10710, The corresponding hydrodynami-
cally equivalent time interval for the SN is then given
by tgy = (ul/az)l/zt Nova = 1.3~ 103 s, which is an
appropriate time scale for the SN instability evolution
that we are investigating. (Similar scale transforma-
tions across vastly different scales have been demon-
strated experimentally before.3’) Hence, the Nova
experiment investigates nonlinear compressible

9
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hydrodynamics similar to that at the He-H interface of
a Type I SN at intermediate times (10°~10*s).

Figure 4(a) shows a 2-D image from the experiment at
33 ns. These results can be compared with those from the
2-D simulations at 30 ns [Figures 4(b) and 4(c)], both
before and after smearing to resemble the effect of the
instrumental spatial resolution. The experimentally
observed perturbation has evolved into the classic, non-
linear, RT bubble-and-spike shape with peak-to-valley
amplitude hpy, » | . Faint indications of Kelvin-
Helmbholtz roll-ups are visible at the tip of the spike and
along its sides. For the simulations, we use the same
mapping scheme in 2D as we did in 1D, only now the
Cu-CH, interface has a sinusoidal ripple with wave-
lengthl =200 yum and amplitude h, = 20 yum. The run is
started at t = 0, corresponding to when the drive lasers
turn on. By 10 ns, a strong (~15-Mbar) shock has passed
through the interface, and the ripple in the Cu has
inverted phase due to the Richtmyer-Meshkov instabil-
ity.3! By 30 ns, the perturbation has grown with the
opposite phase to an overall peak-to-valley amplitude of
hpy» 180 um» |, as shown in Figures 4(b) and 4(c). The
shape of the perturbation has changed from sinusoidal
to bubble-and-spike, indicating that the interface has
evolved well into the nonlinear regime. Thus, by 30 ns,
we access roughly the same degree of nonlinearity in the
laser experiment as that shown for the SN in Figure 2(d)
for the 1% velocity perturbation.

The gross features of the experiment are reproduced
by both CALE [Figure 4(b)] and PROMETHEUS

bICALEat 30 m

FIGURE 4. Comparison of

(a) data at 33 ns with (b) simula-
tions using CALE at 30 ns and
(c) PROMETHEUS. The results
labeled “smeared” have been
convolved with the experimen-
tal instrument resolution func-

= :g tion. (d) Comparison of the
:-E E — f— 2000 . ——me bubble-and-spike front trajecto-
= - ries observed in the data and

from the simulations.
(40-00-1296-2756pb01)
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[Figure 4(c)] simulations. However, the PROMETHEUS
simulation contains more fine structure. When CALE
is run in pure Eulerian mode with ideal-gas EOS (not
shown), that is, in nearly the same manner as the
PROMETHEUS simulation, the two codes give similar
results. However, there is still somewhat less fine
structure in the CALE result due to interface tracking.
Figure 4(d) shows the evolution of the bubble-and-
spike fronts, compared with the predictions from both
codes. The locations of the 2-D bubble front and spike
front are reproduced very well by both hydrodynamics
codes. In the frame of reference of an unperturbed
interface, both the spike and bubble converge to nearly
the same constant terminal velocities, vy, » v » 3.5-4.0
um/ns. We compare this with the theoretical asymp-
totic velocities for the RT instability predicted by Hecht
and Alon,?° namely, v, s = [(1/6p)2A/ (1 + A)gl /2,
where the + and - in the denominator refer to bubble
and spike, respectively. For our conditions of g »

0.35 um/ns%, A » 0.64, and | =200 um, the predicted
velocities are v, = 1.7 ym/ns and v,=3.6 ym/ns. Our
spike velocities agree with the Hecht—Alon semi-infi-
nite fluid theory, but our bubble velocities are consid-
erably higher. This most likely is due to the finite
thickness of the Cu layer. The Cu spike falls into an
essentially infinite reservoir of CH, plasma, whereas
the bubble of CH, rises into a thin layer of Cu (thick-
ness » 60 um << | =200 um), the result of which would
be higher bubble velocities.

The study of hydrodynamic instabilities in Type II
SN has broader significance than simply checking a
detail in a hydrodynamics calculation. Type II SNs are
used in the Expanding Photosphere Method (EPM) for
determining the Hubble constant (H,).>? This method
holds great promise because SNs are bright, allowing a
single method to be used to determine distances from
tens of kpc to hundreds of Mpc. The basic premise of
the EPM is that the light curve—that is, the total emit-
ted flux as a function of time—of a Type II SN can be
calculated absolutely, albeit in 1D. By comparing
observed brightness of the SN with calculated bright-
ness, one can infer the distance. Applying the EPM to
several different SNs at varying distances (D), together
with red-shift measurements of the recession velocity
(v,.0) allows a plot of v, versus D to be constructed,
whose slope is the Hubble constant, H,. Note, how-
ever, that any RT-induced mixing of the radioactive
56Nji and 5°Co core outward into the envelope serves
as a heat source, potentially altering the light curve.18
Furthermore, any coupling between the mixing front
at the He-H interface and the photosphere could
cause the photosphere to become crenulated. The
initial blast wave itself may, in fact, have a distorted
shape due to Vishniac instabilities,33 thereby distort-
ing the photosphere from the very beginning. A
crenulated photosphere could have a significantly

larger surface area than predictions from a 1-D spher-
ical calculation. Furthermore, for a dominant mode

13 20, as suggested in Figures 1(a) and 2(e), the sur-
face area would look statistically similar regardless of
the angle from which the SN were viewed. In other
words, all Type II SNs with crenulated photospheres
would be brighter than assumed based on 1-D spheri-
cal calculations. Consider the implications. For a
given recession velocity, if SNs were brighter than
assumed, they would be further away. This effect
decreases the slope of the v, versus D plot, reducing
H,. Because the age of the universe varies inversely as
the Hubble constant (t;,;, ~ 1/ H), the result of
crenulated photospheres due to hydrodynamic insta-
bilities would be an older universe. Experimentally
testing any piece of the puzzle, in this case modeling
of the SN hydrodynamic instabilities, is indeed a
worthwhile pursuit.

Supernova Remnant Formation

SN remnant formation is one of the classic problems
of astrophysics, leading to such spectacular objects in
the sky as the Crab nebula. With SN1987A, we have the
first opportunity to watch the time-dependent dynam-
ics of the early stages of such evolution [see Figure 1(b)].

Figure 5(a) is a schematic of the remnant formation
process (taken from Ref. 12). High-velocity SN ejecta
sweep up the surrounding ambient plasma, which is left
over from the stellar wind of the SN progenitor. At the
contact discontinuity (the place where the two plasmas
meet), shocks are launched forward into the ambient
plasma (“forward shock”) and backward into the SN
ejecta (“reverse shock”), as illustrated with the 1-D
density profile shown in Figure 5(b) (from Ref. 12). When
radiation transport and radiative cooling are included in
the plasma hydrodynamics, a much higher density is
formed in the compressed SN ejecta. The radiation carries
heat away, lowering the temperature and pressure, thus
making the shocked SN ejecta more compressible. This
steepens the density gradient at the contact discontinuity
[compare the dashed and solid curves in Figure5(b)]. At
the contact discontinuity, pressure and density gradi-
ents cross, NP Nr < 0, with the lower-density shocked
ambient plasma at higher pressure and decelerating
the higher-density shocked SN ejecta plasma. Such a
situation is hydrodynamically unstable due to the RT
instability. This is illustrated in Figure 5(c) (from Ref.
12), which shows strong RT growth at the contact dis-
continuity. The simulations assumed ar p r™" ejecta
density profile (n = 6, 12, 20) flowing into a uniform
ambient plasma. Note that qualitatively different mixing
evolves, depending on the density profile of the ejecta.
The details of what to expect when SN ejecta impact
the ring nebula depend on the structure of both the
ring and the projectile assembly. Figure 5(d) shows the

UCRL-LR-105821-97-1
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FIGURE 5. (a) Schematic showing the dynamics of SN remnant formation (reproduced from Ref. 12). (b) Structure of a generic SN-stellar-
wind interaction (reproduced from Ref. 12). The gray curve shows the structure for small radiative power loss. With larger radiative losses,
the stagnated ejecta should collapse to higher density, as the solid curve illustrates. (c) 2-D simulations (from Ref. 12) showing the effect of the

ejecta density profile, I i,

p 7", on ensuing RT growth at the contact discontinuity. The axes are radius (r) normalized to the position of the

forward shock (Rgg). (d) 2-D simulation result showing RT instability growth at the contact discontinuity and the imminent collision with the

ring (reproduced from Ref. 11).  (40-00-1296-2757pb01)

results of a 2-D simulation from a different model (from
Ref. 11). Clearly, what transpires depends on whether the
contact discontinuity looks like Figure 5(a), 5(c), 5(d), or
something completely different. It would be highly bene-
ficial to be able to test these models experimentally prior
to the awaited collision.

Hence, our second experiment is focused on test-
ing our understanding of the colliding plasma

UCRL-LR-105821-97-1

dynamics in a situation qualitatively similar to that
of the ejecta of SN1987A. Our goal is to develop the
experiment and model it with the astrophysics codes
used to make predictions such as those shown in
Figures 1(c), 1(d), 5(c), and 5(d). This work should
improve our ability to quantitatively interpret the
results of the upcoming pyrotechnics predicted for
shortly after the year 2000.
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Supernova Remnant Experiment

Our initial approach to experimentally simulate the
ejecta—wind interaction hydrodynamics*is shown in
Figure6(a). We use about 20 k] of laser energy at a laser
wavelength of 0.35 um, in a 1-ns pulse, to heat a 3-mm-
long by 1.6-mm-diam cylindrical Au cavity (a hohlraum)
to a temperature of about 220 eV. The x-ray flux ablates a
CH plug, doped with Br to reduce the transmission of
higher-energy x rays, which is mounted in a 700-ym-
diam hole in the hohlraum. The ablation drives a very
strong (~50-Mbar) shock through the CH(Br), ejecting
plasma at about 30 eV from the rear of the plug. This
plasma (the ejecta) expands and cools. The leading edge
of the expansion is a high-Mach-number plasma flow
(about Mach 10), although it is at well below solid den-

(b
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sity. The ejecta impact a 700-ym-diam cylinder of
aerogel foam located 150 ym away and having a density
of 40 mg/cm3. In response, the flowing ejecta stagnate,
and a shock is driven into the foam, as well as back into
the ejecta.

We diagnose these experiments by x-ray backlight-
ing at 4.3 keV (Sc He,) to obtain radiographs of the
shocked matter. Figure 6(a) is a 1-D, streaked radio-
graphic image of the target. We show profiles of
—In(exposure) p density from the data in Figure 6(c)
and from a LASNEX? simulation in Figure 6(d), both
at t = 6 ns. In both the data and simulation, we observe
a clear forward shock in the foam, a reverse shock in
the ejecta, and a contact discontinuity in between.
From the simulations, the shock breaks out of the
CH(Br) at about 2 ns, at which time the back edge of

Fosibom

CHztoprer
fod

dh Simnhton, = tm led

1D smnkton $=6ns (£}

Fostion(pm )

2D smohton = 1d¢m

HWilpm

a0 B0

L

Fosition(pm }

FIGURE 6. (a) Schematic of the laser experiment. (b) Raw streaked image from the experiment. (c) A lineout at 6 ns from the data shown in
(b). (d) Same as (c) except based on a 2-D simulation using LASNEX. The solid and gray lines represent different levels of resolution (5 versus
20um). (e) Profiles from the simulation at 6 ns showing density (g/ cmd), pressure (Mbar), temperature (keV), and velocity ( 108 cm/s).

(f) Isodensity contours at 14 ns from a 2-D LASNEX simulation, showing perturbation growth due to RT instabilities at the contact disconti-

nuity. Ejecta flow into the foam from left to right.
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the CH(Br) is at a density of about 2 g/cm3 (compres-
sion of ~2), pressure of 45 Mbar, and temperature of 30
eV. The foam is impacted by the ejecta about 1 ns later,
suggesting that the high-velocity tail of the ejecta is
moving at ~150 ym/ns = 150 km/s. Figure 6(e) shows
the density, pressure, temperature, and velocity of the
ejecta—foam assembly from the LASNEXsimulation at
6 ns, that is, about 3 ns after the ejecta first start sweep-
ing up the foam. The contact discontinuity is located
at a position of about 560 ym in both the data and
the simulation, and the peak densities from the sim-
ulation on either side of the contact discontinuity in
the ejecta (foam) are 0.65 g/cm?3 (0.25 g/cm?). The
pressure is continuous across the contact discontinu-
ity, at a peak value of 0.035 Mbar, the peak tempera-
ture is about 50 eV, and the velocity of the projectile
assembly is about 1~ 107 cm/s. Both here and in
SN1987A, the forward shock driven by the ejecta is a
strong shock; that is, the shocked matter is maxi-
mally compressed [by a factor of (g+ 1) / (g—1) for a
glaw gas].

The region near the contact surface at the front of
the ejecta is RT unstable, as illustrated in Figure 5(c) for
SN1987A, and in Figure 6(f) for the laser experiment.
In the latter, a seed perturbation of wavelength| =50
pm and initial amplitude hy =1 ym was imposed on
the surface of the foam. By 14 ns, strong RT growth
of the perturbation well into the nonlinear regime is
visible, due to the NP ‘Nr < 0 configuration at the
contact discontinuity. The growth bears some sem-
blance to the RT growth shown in Figures 5(c) and 5(d)
for the SN ejecta. We intend to apply this experiment
to test theories and models being used to predict the
behavior of SN1987A well in advance of the upcoming
impact of SN ejecta with the ring nebula. Our efforts
should facilitate the interpretation of data expected to
emerge from the impact.

Conclusions and Future Outlook

We are developing experiments to investigate
(1) hydrodynamic instabilities relevant to core-col-
lapse SNs at intermediate times (103-10% s), and
(2) plasma-flow dynamics relevant to the SN
ejecta—ambient plasma interactions during the initial
stages of remnant formation. Initial results from
both experiments look promising. Expanding the
first experiment to 3D is the most critical next step
to take because RT growth in a supernova is clearly
3D, and growth in 3D is expected to be larger than in
2D.3% Extending the second experiment into the
radiative regime is equally critical because the rem-
nant formation hydrodynamics relevant to SN1987A
is clearly radiative.

Beginning such astrophysics experiments now on
the Nova laser and other lasers worldwide3337:38 is
important. With the construction in the U.S. of the

UCRL-LR-105821-97-1
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~2-MJ National Ignition Facility laser,>? and the similar
Laser MegaJoule laser®? planned to be built in France,
it is crucial that we acquire experience now with devel-
oping laser—plasma astrophysics experiments. Such
groundwork will better allow us to plan discriminat-
ing astrophysics experiments for the “superlasers”
scheduled for completion around the year 2002. This
date is just about the time that SN1987A ejecta are pre-
dicted to impact the surrounding nebular ring.
Dedication ceremonies for the two superlasers may be
consummated with a fitting celestial son et lumiere.
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